Abstract. Recently, a large amount of content is delivered to users by content delivery services through broad-band networks. The necessity for the service which guarantees quality is increasing in the Internet, because users' requirements are diversified. Differentiated services, which have multiple classes using priority control, are being introduced. The limited network resources can be used effectively by applying priority control in content delivery services. In such services, it is important to predict users' requirements and to provide the services that suit users. In this paper, the user's behaviour in content delivery services with priority control was modeled by using willingness to pay, while the total users' benefit and the provider's revenue in two different content delivery models are maximized. One model is the content delivery service using only streaming, and the other model offers streaming and download services. In this paper, it is proved that optimal pricing for users and that for providers are different.
Introduction
In recent years, content delivery services are attracting attention as new services with the development of the communication network by ADSL (Asymmetric Digital Subscriber Line) or FTTH (Fibre To The Home). The present IP network is best-effort and does not guarantee the quality of service. Since all users are treated equally in best-effort communications, not bandwidth guarantee is offered to particular users. On the other hand, the bandwidth is a key point in real-time applications like video-on-demand, because user's utility is extremely sensitive to quality degradation. Therefore, bandwidth requirements of users have been diversified.
Thus, to meet the diversified bandwidth requirements of users, differentiated services have been examined. The main problems with differentiated services are guaranteed bandwidth and pricing. To study the problems, the relation between user's utility and price for the services has been researched [1] [2] [3] . There have also been many studies on quality and utility in fields such as quality evaluation [4, 5] . Moreover, there is a considerable amount of research about content delivery with priority control [6, 7] . Generally, waiting time and packet loss rate are used for evaluation of content delivery services. However, user's utility does not change linearly against these factors [6] . Therefore, user's utility cannot be evaluated correctly only with these factors alone. We believe there is need for additional evaluation of user' utility in view of the price, application environment, the purpose, etc.
In this paper, the relation between the service quality and the price is quantified using WTP (willingness to pay), which is used to create a model of user's behaviour. We have also considered the pricing so that to maximise total users' benefit and provider's revenue in two different content delivery models with priority control.
Network Model
In this paper, we consider a network model in which the content is delivered to users through a single transmission line. We assume that content delivery service with priority control is provided on the network. Fig.1 shows the network model. Two basic priority classes are provided and stand for high and low user priorities. The high priority class specifies the minimum guaranteed bandwidth, so that even if the network is congested, the minimum bandwidth is guaranteed. When the network utilization is low, the bandwidth is distributed among all users on best-effort basis. When network utilization is high, and the assigned bandwidth to a particular user approaches the minimum guaranteed bandwidth, bandwidth distribution is different and while high priority users get at least the minimum guaranteed bandwidth, lowpriority users get only evenly split bandwidth that is left over after high-priority users. Moreover, the maximum bandwidth assigned to the high-priority class is fixed, and, therefore, the number of users in the high-priority class is restricted.
The process of content delivery is shown in Fig.2 , along with the pricing table below.
(1) A delivery request originates from a user and is sent to the content server. (2) The information about the present state of priority classes is offered to the user by contents delivery server (3) The user selects the delivery class from all offered options. (4) Delivery of the content begins.
It is assumed that the price for the delivery of content is directly proportional to the duration of delivery. The basic price is also included for joining in the content delivery service. By paying more money, the user can obtain connection on a higher priority class. 
Content Delivery Model
In this paper, two different content delivery models with priority control are defined, that are S-S (streaming vs. streaming) delivery model and S-D (streaming vs. download) delivery model. Table 1 shows details about both models. In S-S delivery model, since the content is delivered to the low-priority class users using streaming service without the minimum guaranteed bandwidth, when the network is congested, the quality of content deteriorates considerably. On the other hand, in S-D delivery model, the content is delivered to the low-priority class users using download service without guaranteed service, when the networks is congested, the waiting time for complete download becomes excessively long.
To compare S-D and S-S delivery models, the quality of content is guaranteed since the low-priority class is delivered using download service. However, it takes time until download is completed.
We predict the time by using the method of exponential smoothing. Exponential smoothing is a typical time-series-analysis technique which is used to predict future
value from the preceding time series data. The predicted waiting time is defined by Eq.(1), ,
where T is the predicted waiting time, T p is the last predicted waiting time, T a is the last actual waiting time. Parameter of stands for weight, and in this paper is set to = 0.5.
Willingness to Pay
In order to evaluate the differentiated services, one has to match user's behaviour model which determines whether a user joins in service to a price paid for the service. However, since such services do not yet exist in real networks, we need to choose a hypothetical user's behaviour model. WTP (Willingness to pay) is one of the methods used to define user's behaviour model [8] . WTP is often used for evaluation of services which do not actually exist yet. In the case of using paid services, WTP stands for the maximum amount of money that a user is willing to pay. Therefore, since user's maximum utility can be defined by WTP, it can be used as a measure of user's utility.
Let the price of content be 1. The relation between the WTP and the quality of service is defined by Eqs. (2) and (3)
,
where 1 , 2 , 1 , 2 are parameters pertaining to a particular user, w is the available bandwidth of a user, t is the waiting time, and c is constant. Eq.(2) contains the function that defines the relation between WTP and the available bandwidth in streaming service. This function and its parameters are verified by subjectivity evaluation experiment. In the experiment, various quality motion pictures are shown to assessors, which specify how much extra charges can be paid for the guarantee bandwidth [9] . Actually, WTP is influenced by not only bandwidth but jitter and the maximum delay time. To simplify the discussion, we have considered only bandwidth.
Eq.(3) defines the relation between WTP and the waiting time for delivery of 1GByte content using download service. This function and its parameters are tested by a questionnaire.
In the questionnaire, the content size and waiting time are shown to assessors, which are inquired as to how much extra price they are willing to pay considering the waiting time offered to them.
The streaming WTP converges to a certain value, where 1 is the value to converge to. And 2 represents sensitivity to the available bandwidth. 
User's Behaviour Model
In order to define a user's behaviour model, we need to define user's benefit as per Eq. (4),
where i is the number of the delivery class, i.e. i=1 is the high-priority class and i=2 is the low-priority class. U i is WTP of each class and p i is a price of each class. The user considers the benefit of each class based on the information received from the content server. After that, the user selects a class which maximises the user's benefit. If B 1 B 2 , the user chooses the high-priority class, if B 1 < B 2 , the user goes for the lowpriority class.
(5)
Simulation Studies
We have evaluated total users' benefit and provider's revenue of both considered delivery models using simulation. Table 2 shows the conditions of the simulation. The parameters of WTP functions are given to users at random in the range shown in the Table 2 . In case of the streaming service, WTP is calculated by the minimum used bandwidth while the content is being delivered. In case of download service, WTP is calculated by the waiting time until the delivery is completed. Three request arrival rates are given to each delivery models. Total users' benefit per hour and the increase in provider's revenue per hour in the priority control are displayed for each of request arrival rates in Figs. 5-8 . Fig.5 displays the total users' benefit of S-S delivery model, Fig.6 shows the provider's revenue of S-S delivery model, Fig.7 shows the total users' benefit of S-D delivery model, and Fig.8 shows the provider's benefit of S-D delivery model. First, let's consider the results obtained from the S-S delivery model. Figs.5 and 6 exhibit the fact that total users' benefit and provider's revenue change similarly for each request arrival rate. At low prices, the total users' benefit decreases as the price grows. However, when the price is raised even more, total users' benefit is high. This happens because only users who have large WTP join the high-priority class. If the price is raises even more, user's benefit starts to drop. This is because users choose not to join the high-priority class, because the price is too high. As a result, the numbers of the users which join the low-priority class increases. Since the content quality which is delivered to the low-priority class deteriorates, that causes the decrease of total user's benefit as well. Finally, total users' benefit reaches the area where it doesn't change, and that is because users do not join the high-priority class at all. That is, in this area, it is exactly the same as the content delivery without priority control. Considering total users' utility, it can be concluded that it is more beneficial for users to deliver content with priority control than on best-effort basis.
Comparing Fig.5 with Fig 6, provider's revenue reaches the maximum value when the total users' benefit is low. It means that the optimal price for users differs from the optimal price for the provider.
Finally, the results of the S-D delivery model have to be considered. Fig.7 exhibits that the total users' utility increases when the request arrival rate is 2, and decreases when the request arrival rate is 2.3 and 2.5. It means that when the request arrival rate is low, it is better for users to deliver content without priority control, and when the request arrival rate is high, it is better for users to deliver content with priority control. Fig.8 the request arrival rate is 2.5. That is, when request arrival rate is high, priority control is very effective for both the users and the provider. In the simulation study, content time and size were fixed. As a result of this, the network utilization rate is only affected by the request arrival rate. However, various sizes of content are possible in the actual network. Therefore, it is necessary to examine the relation between network utilization rate, total users' benefit, and provider's revenue. 
Conclusions
In this paper, we have evaluated total users' benefit and provider's revenue using WTP in content delivery services. As a result, when content is delivered using only streaming service, at any request arrival rate, priority control is very effective for both the users and the provider. On the other hand, when delivery is done over streaming and download services, the effect of using priority control depends on request arrival rate.
As the result of this paper, it is expected that there exists the relation between optimal pricing and traffic load which can be found by adjusting request arrival rate and content size. In order to carry out more flexible optimal pricing, it is necessary to define this relation. Besides, since the optimal price for users differs from the one for the provider, it is necessary to examine the pricing method for each player. These are subjects for the further study.
